Introduction 1.Biomedical Education
Biomedical engineering is a relatively new, interdisciplinary field existing at the intersection of life science, medicine, and engineering. An aging population and increasing focus on health issues are accompanied by a rapidly increasing demand for improved medical equipment and devices. According to the Department of Labor Statistics, Biomedical engineers are expected to have employment growth of 23% between 2014-2024, in comparison with the average of 7% for all occupations [1] . Biomedical engineering is the most rapidly growing discipline at most universities [2] ; although many biomedical engineers obtain a bachelors degree from an accredited biomedical engineering program, a viable alternative relies on an undergraduate degree in a traditional engineering discipline complimented by technical electives related to biological sciences [1] .
Chemical, mechanical, and electrical engineers play a key role in this promising field because the core disciplinary principles are critical to biomedical interests such as the design of artificial organs. In an international study of career preferences of chemical engineering students, bioprocess and biomedical industry received the highest ranking by a large margin in Australia and New Zeland, Canada, the United Kingdom and the United States [2] . This paper describes a project in which students are introduced to engineering principles through the design of a heart-lung machine. In a hands-on, team-based experience, students participated in designing, building and testing their own heart-lung systems made from inexpensive, readily available materials. Its implementation in four different contexts is described: high school science courses in the United States, a multidisciplinary first year engineering course at a university in the United States, a second year chemical & bioprocess engineering course at a university in Ireland, and an upper level chemical engineering core course (Transport II).
Cardiopulmonary Bypass
Over one million cardiopulmonary bypass procedures are performed each year [3] for surgeries including heart transplantation, coronary artery bypass, valve repair or replacement, and aneurysm repair [4] . In cardiopulmonary bypass, also known as extracorporeal circulation, the heart and lungs are temporarily removed from the circulation system. A heart-lung machine performs the function of the heart and lungs allowing the heart to be still during the surgical procedure.
Heart-lung machines have four functions: They pump the blood, oxygenate the blood, partially remove carbon dioxide from the blood [5] , and regulate the temperature of the blood [6] . Figure  1 shows the cardiopulmonary functions performed by a heart lung machine.
Figure 1 -Unit operations in a heart-lung machine. Gas transfer is accomplished via membrane oxygenators, which have largely supplanted the bubble oxygenators used in early CPB systems in the United States [7] , but are still used elsewhere. Heat exchange (HX) is required to counter heat loss to surroundings and maintain the blood temperature. Heat exchanger and membrane are commonly combined into a single, disposable unit [4] . Flow diagram taken from [8] .
Cardiopulmonary bypass systems circulate blood throughout an extracorporeal circuit at a typical flow rate of 2 -4 L/min for normothermic operation [9] . From the body, blood is gravity-drained into a venous reservoir placed 40-70 cm below the level of the heart [10] . The typical volume of the reservoir is 0.5 L, and the total extracorporeal blood volume must be below 1-3 L [10] . Positive displacement roller pumps and centrifugal pumps are the two most common types of pumps used for CPB. The advantages and disadvantages of roller pumps and centrifugal pumps are reviewed by [11] .
Early heart-lung machines relied on bubble oxygenators to control blood gas levels. These have largely been supplanted by membrane oxygenators in the United States [7] , although bubble oxygenators continue to be used elsewhere for their cost-effectiveness. Blood oxygenator membrane units are flat or hollow fiber membrane (HFM) units with at least 1 m 2 of surface area [9, 12] .
During bypass surgery on a typical adult patient, approximately 200 cm 3 (STP) CO 2 /min must be removed from the blood and 250 cm 3 (STP) O 2 /min must be transferred to the blood [13] . A heat exchanger is used to regulate the temperature of the blood, to maintain the temperature at regular body temperature of 34°C-37 °C (normothermic) for some procedures, or to reduce the temperature to hypothermic (<34 °C) for other procedures [14] . Normothermic operation is associated with increased oxygen demand [15] .
Implementation 2.1. Pedagogical Framework
Within an engineering context, Felder and Prince [16] present strong evidence that inductive teaching methods are more effective than traditional deductive teaching methods. Their review of inductive methods includes case studies, discovery learning, project-based learning and problem-based learning. In comparison to traditionally-taught students, students who participate in project-based learning are more motivated, demonstrate better communication and teamwork skills, and have a better understanding of issues of professional practice and how to apply their learning to realistic problems [17] [18] [19] . The process of "guided discovery", in which students are presented with a problem to solve and supported in their discovery and interpretation is an effective pedagogy for enhancing learning within a project-based setting [20] .
The different implementations of the Heart-Lung Project described below are all strongly rooted in inductive pedagogy. The high school implementation (context 1) utilizes a more structured, guided inquiry approach, whereas the university implementations utilize a problem-based learning approach. The specific approaches are described in more detail below for each context.
Educational Context 2.2.1. Context 1: High School in the United States
The INSPIRES Curriculum (INcreasing Student Participation Interest and Recruitment in Engineering and Science) is comprised of five standards-based modular units for grades 9-12 that focus on integrating all areas of STEM. The approach uses real-world engineering design challenges and inquiry-based learning strategies to engage students, increase technological and scientific literacy, and develop key practices essential for success in STEM disciplines. The curriculum is designed to be flexible and cost effective to maximize potential usage. Modules are independent of one another, so they can be implemented individually in an existing science or technology education course, or together in a cluster, to comprise a full course. In the high school setting, each module is 4-6 weeks in length (assuming 45 minute class periods) and includes hands-on activities, digital resources and a real-world open-ended engineering design challenge. P21 skills (critical thinking and problem solving; communication and collaboration; and creativity and innovation) are central to the INSPIRES approach. The curriculum is aligned to the Next Generation Science Standards.
Design Challenge. Each unit includes an overarching, open-ended engineering design challenge that focuses on a real-world problem or need. The design challenges are written with quantitative design criteria and constraints and require students to make decisions about tradeoffs as they move through the design process. The challenges are designed to have enough specificity to allow solution within a week to two weeks of class time, but are open-ended enough to allow for significant creativity in the design solution. The original problem statement for the Heart-Lung project is provided in Box 1. Box 1. The original Heart-Lung Problem Statement.
Your team is to design, construct, test, and evaluate a system that will simulate the performance of the heart and lungs in the human circulatory system. Your goal is to flow the 'blood' through your system which is required to oxygenate and cool the 'blood' while minimizing leaks and the amount of 'blood' within your system. You will be allotted 5 minutes to setup the system at the test site and it must fit within the specified area. You will then have 15 minutes to process the 'blood' and to achieve specified performance criteria. All team members must be present during the system testing / evaluation. You are encouraged to check your design well in advance of your testing / evaluation date. When you have completed the evaluation, deconstruct it and return all borrowed parts.
Your primary criterion for this design project is SAFETY. Your system must operate without any hazards. Keeping SAFETY in mind, the following restrictions are placed on the design:
• Your team must provide and justify all of the components of your system.
• The system will be tested using a volume of 5 liters of 'blood'.
• The maximum amount of 'blood' in your heart-lung system (including any 'blood' lost via leaks from the system) is 1.5 liters.
• The system should maximize the oxygenation of the 'blood' -the minimum increase of dissolved oxygen content must be at least 3 mg/L.
• The system must also cool the 'blood' -Your team will select and justify a range of temperature change to achieve during the design and testing phase. On the day of the demonstrations, a clinically reasonable target temperature change will be specified.
• Your team must select and justify an appropriate range of flow rate for the system. Your team will have a variety of pumps to use during testing (the cost of these pumps will not be included in your system cost).
• The cost of your system must be less than $50.00 (all materials used in your design are considered to be purchased new, as if you were prototyping the device for production -i.e., even if you use 'found' materials, you must cost them as if they were new). Non-functional decorations do not need to be included in the cost (i.e., paint, marker, stamps, decals, etc.).
Lesson Plans. Complete lesson plans for each unit include detailed instructions for presenting content and doing hands-on activities, and suggest appropriate pedagogical strategies throughout. Student handouts and worksheets are included to facilitate instruction.
Classroom Display. Electronic files suitable for printing at poster size for classroom display are available, including the "Engineering Design Loop" and a "Design Target" specific to each unit.
Video Content. The curriculum uses professionally produced video segments to introduce students to the real world application and societal need behind each engineering design challenge. Videos are also included to introduce students to career pathways related to the unit content.
Online Animations and Mathematical Simulation. All units include an online mathematical simulation that allows students to vary parameters specific to the design challenge. In doing so, students explore quantitatively how these changes affect system performance. Selected units also include online animations that allow students to visualize molecular level phenomena responsible for macroscopic behavior.
Assessments. The curriculum includes end-of-unit multiple-choice tests to assess student learning of engineering and science concepts. These tests can also be given before a unit, if evidence of student growth is required. Scoring guides for assessing individual and team performance on engineering design tasks are also included in the curriculum materials.
Laboratory Equipment and Supplies. The INSPIRES Curriculum is designed as a low-cost solution to integrating engineering into the high school classroom. The curriculum does not require the purchase of expensive core equipment and relies heavily on common science lab supplies and materials often found in art rooms or woodshops. Most materials needed to complete the units are available through retailers such as Wal-Mart ® , Target ® , Radio Shack ® , Home Depot ® and Lowes ® . Recycled and common materials are used as much as possible.
Engineering in Healthcare:
A Heart Lung Case Study [21] This introductory video focuses on a teenage girl who was born with a heart defect and needed a lifesaving open-heart surgery. The video describes her treatment, introduces her doctor, and explains the function of the heart lung machine (Context). Student teams are given the challenge to design, build, test and refine a system that mimics attributes and functions of a heart lung machine, which must circulate the 'blood' at an appropriate flow rate, oxygenate the 'blood' and cool the 'blood'. Design teams are challenged to maximize efficiency while minimizing system cost. The maximum system cost is set at $50 (STEM Practices). After watching the video and receiving the challenge, students use a "Think, Pair, Share" strategy to reach consensus (Collaboration) on key ideas as well as the criteria and constraints required to construct a design solution.
As students attempt to solve the design challenge, they are introduced to the engineering design process as a rational and methodical cycle of steps (STEM Practices). The various steps are explicitly addressed during the lessons to ensure that students understand each process they use (Metacognition). A large classroom poster is used to facilitate these explicit connections (Public Artifacts). In order to understand the various design constraints and criteria as well as make informed design decisions, the students learn relevant scientific principles as well as mathematical equations to quantitatively assess and refine their design (Standards Based).
In this module, students learn concepts associated with (1) anatomy and physiology of the heart and lungs, (2) heat transfer, (3) oxygenation and (4) fluid flow/flow rate/pumps. These science concepts are introduced in the curriculum through a variety of "just in time" phenomena-first activities (Context) and inquiry-based investigations (STEM Practices). First, student teams are presented with a mini design challenge in which they must design and test a system that can transport 500 mL of water a distance of six feet with minimal leakage in the quickest possible time. This hands-on exercise is used to introduce the concept of fluid flow in a way that is visual to the learner. It is also used to reintroduce the engineering design process (Context/Standards). Prior to receiving teacher approval to start device construction and testing, individual group members submit potential design solutions, then engage in small discussion to build consensus (Collaboration) on a prototype design. Group presentations of designs and design decisions link the exercise to the overarching heart lung system design challenge.
Students then learn more about the pumps, heat transfer and oxygenation through a series of hands-on exercises. Finally, students investigate ways to make fluid flow and learn how fluid flow is measured and described quantitatively. Following hands-on exploration, students use online models and animations to illustrate the "non-visible" mechanism(s) driving many of the observed macroscopic events. Concepts of molecular motion and heat transfer are stressed, linking the online visualization to the hands-on activities. Computer-based mathematical simulations are utilized prior to the final design and build phase allowing students to alter a variety of design parameters and quantify their impact on the system efficiency (STEM Practices). Students then plan, build, test and refine a "heart lung system" (Integrates all principles). Student teams present their final designs along with an analysis of design decisions in an open forum (Collaboration/Public Artifacts). Concepts and key ideas are reinforced and continuity between lessons is maintained through the use of a design notebook. In the notebook, students record daily artifacts representing their understanding (Metacognition) that are publically displayed on a classroom artifact board (Public Artifacts).
To date, the INSPIRES Heart Lung system curriculum has been used by over 35 science (Biology, Chemistry, Physics) and technology (Engineering, Pre-Engineering, Allied Health and Technology Education) teachers impacting more than 1000 students in the mid-Atlantic region.
Context 2: First Year Engineering Course at a University in the United States
The project was the basis of a course called Freshman Engineering Clinic at Rowan University. This two credit-hour course is offered in the fall and spring respectively. The class has two meetings per week, once in a classroom for 50-minutes, and once in a laboratory for 165-minutes. Students from Rowan University's five engineering disciplines -Biomedical, Chemical, Civil, Electrical and Computer, and Mechanical -are enrolled in the course and distributed into multidisciplinary sections. There are currently 16 sections of the course offered with approximately 18-24 students in each section. Students work in teams on a semester-long, multidisciplinary project that introduces a variety of introductory engineering topics and requires the application of science and mathematics concepts. While each instructor is free to choose a different project and pedagogical implementation, the common technical topics include unit conversions, statistics, problem solving, engineering design, and safety. Ethics, teamwork, and communication are also emphasized in this course.
After learning about the INSPIRES Heart-Lung project at the ASEE 2012 Chemical Engineering Summer School, Rowan University adapted the project for use in Freshman Engineering Clinic I in the fall semester that year. The overarching goal of this project was to motivate and excite students about engineering through an integrated learning experience that enhances affective and cognitive learning. The project aimed to instill a positive perception of engineering work and increase students' appreciation for the historical, social and personal relevance of engineering. At the end of the project students should understand the role of open-ended design projects with multiple possible solutions in engineering work. The project was intended to raise awareness for career opportunities in biomedical engineering.
In addition to achieving affective learning described above, the following learning outcomes are related to engineering design:
• Define engineering and medical terminology relevant to mass transfer in heart-lung systems
• Apply a mass balance to determine the rate of oxygen transfer to the blood
• Apply an energy balance to calculate the rate of heat transfer from the blood
• Predict the effect of flow rate and tubing material on heat transfer rate
• Predict the effect of liquid flow rate on oxygen transfer to the blood
• Evaluate design alternatives related to components and operating conditions of a heartlung system
• Synthesize understanding of medical, science, and engineering knowledge into design and operation of a heart-lung system
The Rowan University project, currently in its third iteration, is currently implemented using a problem-based learning framework. After receiving an initial problem statement of an illdefined, open-ended problem, students proceed through cycles of information seeking, scientific inquiry and design-build-test interspersed with small-and large-group discussions that allow groups to construct an understanding of underlying engineering principles that inform their design. In the PBL version of the project, the functions of a heart-lung machine were not provided in the problem statement; rather, they were constructed by the class during a discussion on the first day. Subsequently, students sought information that allowed them to establish quantitative criteria and constraints for their problem. The temperature, flow, and oxygenation specifications were determined through subsequent inquiry cycles instead of being specified in the initial problem statement.
Thus, the 14 modules of the original Heart-Lung project were collapsed into three main cycles defined by themes of fluid flow, heat transfer and mass transfer. In a 15 week semester, 12 laboratory periods were used for lab activities, and one laboratory period was used for each of an introduction, a midterm exam, and final presentations.
In order to provide some exposure to cutting edge technology using laboratory equipment, the Rowan University project added a hands-on introduction to science and engineering principles using a laboratory blood oxygenation system using a hollow fiber blood oxygenator. This experiment provided a greater range of measurement and flow control options that allowed a more in-depth investigation of mass transfer than was possible using the systems built by the students; students also learned about different measurement techniques and hollow fiber blood oxygenator design during this experiment. This experiment and its impact on student learning is described elsewhere [8] .
Context 3: Sophomore Chemical Engineering Course at a University in Ireland
At University College Dublin, the heart-lung machine project has been implemented within the second year of a 4-year degree program in Chemical & Bioprocess Engineering. (This program is professionally accredited, at Master's level, by the Institution of Chemical Engineers (IChemE), UK). All University College Dublin Engineering freshmen follow a largely common curriculum, only choosing to specialize in particular engineering disciplines at the start of their second year and Chemical & Bioprocess Engineering has an intake of 40-50 students per annum. Group-based, problem-based learning (PBL) has been a feature of the Chemical & Bioprocess Engineering curriculum since 2008, with the introduction of a heat exchanger design project, based on an activity originally developed by Davis [22] . As at Rowan University, PBL has been used at University College Dublin as a vehicle for allowing students to explore and apply key engineering concepts and tools, to develop student proficiency in professionally-relevant, transferrable skills and to excite students about their discipline.
As a result of the 2012 INSPIRES presentation at the ASEE Chemical Engineering Summer School and with subsequent support from Rowan University, a PBL project based on the heartlung machine was developed; the pedagogical approach was very similar to that at Rowan University. During the 2014-15 academic year, the heart-lung machine project was a compulsory student activity, associated with two core, co-requisite, 5-credit, Semester 1 modules: CHEN20020 -Chemical & Bioprocess Engineering Measurement; CHEN20040 -Chemical & Bioprocess Engineering Laboratory 1. (Within the European Credit Transfer System (ECTS), a full academic year of study is equivalent to 60 credits.) The class of 42 students was divided into 10, mixed-ability teams of 4-5. The project was led by one instructor, one Teaching Assistant and one Technician. Design-related activities, concentrated in weeks 1-6 of the 12-week teaching semester, were chiefly associated with CHEN20020 and accounted for 20% of the module grade; construction, testing and final reporting, focused in weeks 7-12, accounted for 25% of the CHEN20040 module grade. Two consecutive, 50-minute sessions were scheduled for the PBL project each week: in weeks 1-4, one period was allocated to a structured, instructorled session, the other was available for student-led work, for formal team review meetings with the instructor or for other, project-relative activities. (Previous experience with PBL projects had highlighted the importance of providing students with both a scheduled time and an appropriate venue for collaborative work.) Throughout the semester, 1-hour, laboratory-based sessions were allocated to investigation and hands-on characterization of available aeration and pumping systems and associated equipment and instrumentation. During weeks 9-10, each team was allocated to a 1-hour system construction session and a 1-hour system testing session. A design report was submitted in week 7; the Final Report and a technical poster were submitted in week 13.
At University College Dublin, the heart-lung machine project currently meets a curriculumspecified PBL project requirement. Thus, learning outcomes are expressed more generically than at Rowan University, so as to be applicable to other PBL projects. On completion of the CHEN20020 (design-related) elements of the project, students should be able to:
• Effectively undertake independent study, in a discipline-related topic;
• Work effectively, as a member of a team, in the design of a simple piece of process equipment, with due consideration of safety, environmental and economic considerations.
• Collate and meaningfully present engineering information, adhering to standard conventions of technical reporting.
On completion of the CHEN20040 module (which includes formal laboratory experiments, in addition to the construction, testing and reporting phases of the PBL project), students should be able to:
• Demonstrate knowledge and understanding of good laboratory practice, particularly with regard to safety, health and the environment.
• Work effectively, with an assigned partner(s), in undertaking Chemical/Bioprocess Engineering experiments.
• Analyze experimental data, critically evaluate experimental results and effectively communicate the results in written reports.
• Read, construct, and explain to others, simple Process Flow Diagrams (PFD) and Process/Piping & Instrumentation Diagrams (P&ID).
• Work as a member of a team in constructing, testing, evaluating and reporting on a simple piece of process equipment.
Context 4: Completion of third year chemical engineering courses
The INSPIRES Heart Lung system design challenge was first tested with freshman engineering students at the UMBC in an introductory engineering design course. This first year course is a mixed lecture/lab course like that described in context 2 above; however, the emphasis here is on a reflective activity that took place two and a half years later, after the same students had officially matriculated into the chemical engineering program and completed their junior level courses in Transport Phenomena I (Fluids) and II (Heat and Mass Transfer). As part of their Transport Phenomena II class, the students were given their original freshman engineering design reports and were required to provide an analysis of their design. The analysis assignment was two-fold: the students were required to submit a group report re-analyzing the technical merits of their heart-lung design project and the students were required to submit an individual reflection paper. The group report analysis included: significance of design criteria, engineering design process and theoretical analysis of data collected. The idea behind the reflection assignment was to help the students clarify what they have studied and learned, integrate new knowledge with previous knowledge, as well as to help them become an active and aware learner so that they can better understand how they learn. Their reflection topics included: the engineering design process, engineering/math/science connections and technical writing [23] .
Assessment 3.1. Context 1: High School
The INSPIRES curriculum features an online system includes pre/post tests which the students complete individually; this data has been used to assess student learning of key science and engineering and has shown that student have achieved significant learning gains in both areas. In addition, interest and attitude data is also collected pre/post of the module completion. These results for the Heart Lung system have been previously presented [21] in detail, but a summary is presented here for convenience. The mean score on engineering concepts increased from 37.5% (±1.1%) on the pre-test to 49.3% (±1.1%) on the post-test, and the mean score on key science concepts increased from 50.6% (±1.1%) to 63.3% (±1.2%). A two-tailed test showed that there was a significant difference between means on the pre-test and post test for both key engineering concepts (p=1.8e-30) and key science concepts (p=1.9e-22).
Students also completed an Interests and Attitudes survey before and after participating in the heart-lung project. Statistical differences between pre-test and post-test were found for ten of the fifteen survey questions. The gains pertained to aspects related to students perceived understanding of the design process, perceived understanding of engineering concepts and scientific terminology, and confidence in engineering skills. More detail is available in the article by Vonder Haar et al. [21] .
In a Post-module questionnaire, students were asked whether their interest or skills in specific areas increased, decreased or remained the same as a result of the project. Students rated the project very favorably in terms of having increased their confidence and understanding of engineering and technology topics. For example, over 53% of the students reported an increase of their ability to work in teams, knowledge of how math helps solving problems, knowledge of engineering or technology fields and understanding of the engineering design process as a result of using the curriculum module. Further detail on the post-module questionnaire results was reported previously [21] .
Rowan University
Rowan University's assessment of cognitive and affective learning resulting from this project used two main sources: (1) final design reports and (2) the Pittsburgh Freshman Engineering Attitude Survey (PFEAS). A detailed discussion of final design reports is provided elsewhere [4] , and therefore only a summary is presented here [8] . This paper focuses on the results of the PFEAS from the year 2013.
The PFEAS is a validated survey that has been used extensively in the United States to measure students' interests, confidences, experiences and perspectives of engineering from 20 aspects. Seven questions specific to biomedical engineering were added to the survey for the purpose of this project. The survey was given to all engineering students at the beginning and the end of their first semester. The 4 sections performing biomedical experiments were treatment sections, and the remaining sections were the comparison sections. On the pre-test, no significant difference was shown across the twelve sections in any of the 20 aspects of the survey. On the post-test, the biomedical treatment group scored significantly higher in the following aspects:
• Perception of classroom climate
• Interest and confidence in biomedical engineering
• Confidence in engineering
• Confidence in writing
• Perception of engineers' contribution to society Further, the biomedical treatment group scored significantly lower on their perception of engineering as an exact science, which could reflect their understanding of multiple solutions to engineering problems.
One of the class sections that was part of the biomedical treatment group performed a shorter project than the other three sections that performed the full semester project. The treatment group data cannot be disaggregated because the researchers have access only to the aggregate data. This is a limitation of this analysis.
Students' design reports were evaluated on the following technical performance indicators, using a 4-point Likert scale:
• Applied knowledge of heat transfer, mass transfer, fluid flow to the solution of an engineering problem
• Identified realistic constraints in the following categories: economic, ethical, and medical
• Developed technically feasible alternative solutions
• Analyzed solution using engineering principles
• Compared and evaluated alternative solutions using criteria and constraints
• Recommended one of the solutions
In the first year the project was implemented, student learning outcomes were good and interest was high. However, an area of improvement was identified in students' ability to synthesize their understanding of scientific/engineering principles into their design. The next time the course was offered, a laboratory heart-lung mass transfer experiment was added to emphasize the importance of science and engineering principles to engineering design. A positive shift in all of the above performance indicators was observed. The results are described in more detail in [8] .
ABC University
Student performance in the heart-lung machine project was assessed as part of two separate modules: a formal Design Report was submitted in week 7, as part of CHEN20020; a Final
Report and a technical poster were submitted in week 13, as part of CHEN20040. A collective grade was assigned to each team based on work associated with the project; individual contributions were weighted via peer assessment, implemented using WebPA, an open-source, online tool, developed at Loughborough University (http://webpaproject.lboro.ac.uk). Core engineering concepts explored through the heart-lung machine project featured in questions in the CHEN20020 end-of-semester test (which accounts for 70% of the module grade); this approach facilitated assessment of individual student level of achievement of specific learning outcomes, through largely self-directed learning and/or open-ended practical sessions, associated with the Heart-Lung project.
Since the introduction of PBL as part of the sophomore curriculum at University College Dublin, PBL-specific feedback has been solicited within the end-of-semester, University-wide student survey of all University College Dublin, modules. • "It gave me more knowledge about the actual work of engineers -team work, new ideas, problem-solving…"
• "a good way to begin my first "real" research on a topic...I wasn't being spoon-fed information"
• "...very interesting. Not only we were able to design something, but this module gave us an opportunity to test and identify the flaws."
• "...the heart-lung project greatly aided the learning of theory from this module and it proved very useful when studying for exams."
Even less positive comments (primarily related to project time commitment and inequality of student contributions to the collective team effort) reflected student awareness of associated learning gains, e.g.
• "Although teamwork felt like the greatest scourge, it's valuable to have the experience of working with a team, particularly in the context of design and report-writing. It's a valuable lesson to learn what dynamic you fit into in a team and how you can work to improve and work more effectively in teams...having a high/low GPA doesn't always mean you're a good/poor worker and certainly doesn't say anything about your ability to work effectively on a team...peer assessment was also a fantastic idea feedback...should be mandatory to justify the marks given to each student."
Feedback from employers recruiting for Summer/year-long engineering internships indicates that third Year students (who, typically, have no prior professional work experience) draw heavily on their PBL experiences in responding to competency-based interview questions requiring evidence of teamwork, problem-solving, independent learning, communication and technical skills. During Autumn 2015, interviewers with experience of University College Dublin Chemical & Bioprocess Engineering students over several recruitment cycles commented specifically on heightened student enthusiasm for the heart-lung machine project, awareness of the practical applications of engineering theory (particularly transport phenomena), an impressive appreciation of the complexity of the design process and a more mature approach to team work.
A portion of the PFEAS was administered, post-project, at University College Dublin and taken by 37 (88%) of the original 42 students. The survey reveals high levels of student motivation in studying engineering and awareness of the value of engineering careers:
• "I expect that engineering will be a rewarding career": 100% Agree/Agree strongly
• "The future benefits of studying engineering are worth the effort": 94.6% Agree/Agree strongly Students were then asked to 'rate the degree to which you agree or disagree' with each of a series of statements 'based on how the heart-lung machine project contributed to your understand/belief'. On general perceptions of engineering (e.g. "I feel I know what an engineer does": 67.5% Agree/agree strongly"), there was a greater spread of responses, than to the preceding questions, possibly attributable to the fact that the University College Dublin students, mid-way through the second year of full-time engineering studies had the benefit of a wider range of academic and life experiences than freshmen, thereby reducing the impact of the heartlung machine project on their perceptions. However, the heart-lung machine project appeared to impact heavily on their understanding of their own abilities in specific skillsets employed for the project:
• "I have strong problem-solving skills": 78.4% Agree/Agree strongly
• "I enjoy solving open-ended problems": 83.78% Agree/Agree strongly
• "I enjoy problems that can be solved in different ways": 89.2% Agree/Agree strongly Participation in the heart-lung machine project also increased student knowledge of biomedical engineering:
• "I know more about the field of biomedical engineering after completing this project": 78.4% Agree/Agree strongly However, its impact on student levels of interest in biomedical engineering was less pronounced:
• "I think I would feel fulfilled working on biomedical engineering applications": 48.7% Agree/Agree strongly
• "I have interest in exploring biomedical engineering-related work": 62.2% Agree/Agree strongly • Significance of the design criteria (testing volume, system volume, flow rate, oxygenation, cooling)
• The engineering design process
• Analysis of the data collected (comparing predicted to actual values of heat transfer rate, mass transfer rate, fluid flow rate).
The individual assignment asked students to reflect on:
• Connections between engineering, math and science
• Technical writing
The writing assignments allowed students to think critically about their early engineering work, which provided an opportunity for them to become more aware of their learning processes during three years of engineering study. The additional engineering experience allowed students to identify some of the weaknesses of their early work. These results were originally reported by Bayles [23] , but some of the key themes to emerge are summarized below for convenience.
• A lack of consideration for physiological constraints in their design criteria: blood volume, system volume, flow rate, oxygenation, and cooling requirements (team assignments)
• Reliance on trial and error solutions rather than an engineering design process (team assignments)
• A lack of attention to aspects of technical report writing (format, style, mechanics, organization (team assignments)
• A better appreciation for mathematics and science (individual reflection)
• An awareness for how much they have learned
• An appreciation for how much they still need to learn (individual reflection)
A course survey was administered at the end of the course and used to explore student selfassessment of their progress through the curriculum. The survey was given to an experimental group that performed the reflective writing assignment and to a comparison group from the previous year that did not complete the reflective writing assignment. The survey addressed the course objectives as they align with with ABET criteria (the five C's -Competency in the discipline, Critical thinking ability, the ability to work in Cooperation with teammates, effective Communication skills and Capacity for life-long learning). A significant difference was observed between the mean response in the following categories:
• Ability to design process using engineering principles
• Ability to evaluate solutions or designs given constraints
• Ability to analyze data to solve an engineering problem
• Ability to assess your own ability/knowledge to solve a problem and determine when to seek help
Conclusion
This paper describes how a heart-lung machine was used as the basis for engineering projects in three different educational contexts, spanning high school, first year engineering, a sophomore level core chemical engineering course, and an upper level chemical engineering core course. Each context required adaptation of the project objectives to meet curricular standards (high school) or program and accreditation requirements (university). The different implementations of the project used different pedagogical strategies that were appropriate for the desired learning outcomes. Each context also required development of an assessment plan that was consistent with the instructional method and the desired learning outcomes. In each context, students were challenged to design, build and test a heart-lung machine to simulate the performance of a clinical cardiopulmonary bypass system. The project was easily modified according to the needs and constraints of each context. The project proved to be adaptable and transferrable to different contexts with different affective and cognitive learning objectives, assessment instruments, instructional strategy, student population, budget and timeframe of implementation.
